The prechordal cranium, or the anterior half of the neurocranial base, is a key structure for understanding the development and evolution of the vertebrate cranium, but its embryonic configuration is not well understood. It arises initially as a pair of cartilaginous rods, the trabeculae, which have been thought to fuse later into a single central stem called the trabecula communis (TC). Involvement of another element, the intertrabecula, has also been suggested to occur rostral to the trabecular rods and form the medial region of the prechordal cranium. Here, we examined the origin of the avian prechordal cranium, especially the TC, by observing the craniogenic and precraniogenic stages of chicken embryos using molecular markers, and by focal labeling of the ectomesenchyme forming the prechordal cranium. Subsequent to formation of the paired trabeculae, a cartilaginous mass appeared at the midline to connect their anterior ends. During this midline cartilage formation, we did not observe any progressive medial expansion of the trabeculae. The cartilages consisted of premandibular ectomesenchyme derived from the cranial neural crest. This was further divided anteroposteriorly into two portions, derived from two neural crest cell streams rostral and caudal to the optic vesicle, called preoptic and postoptic neural crest cells, respectively. Fate-mapping analysis elucidated that the postoptic neural crest cells were distributed exclusively in the lateroposterior part of the prechordal cranium corresponding to the trabeculae, whereas the preoptic stream of cells occupied the middle anterior part, differentiating into a cartilage mass corresponding to the intertrabecula. These results suggest that the central stem of the prechordal cranium of gnathostomes is composed of two kinds of distinct cartilaginous modules: a pair of trabeculae and a median intertrabecula, each derived from neural crest cells populating distinct places of the craniofacial primordia through specific migratory pathways.
Introduction
The vertebrate neurocranium represents a major component of the cranium. It has been regarded traditionally either as a cartilaginous bowl with a series of fenestrae for cranial nerves, or as composed of a central stem associated with paired pillar-like structures-often compared with neural arches in the trunk-as well as some sensory capsules such as the nasal and otic capsules (de Beer, 1937; Gaupp, 1906; Goodrich, 1930; Starck, 1979) . The basal part arises primarily as two pairs of cartilaginous rods: the trabeculae anteriorly and the parachordals posteriorly. Developmentally, the neurocranium is known now to originate from two distinct cell lineages: the cephalic crest cells and the head mesoderm (Couly et al., 1993; McBratney-Owen et al., 2008) . That part of the neurocranium rostral to the notochord is called the prechordal cranium and is derived exclusively from the cranial neural crest, unlike the posterior or chordal cranium that is derived from the head mesoderm (Couly et al., 1993) . The central stem of the prechordal cranium corresponds to the main portion of the ethmosphenoidal region, or the chondrocranial component preformed by a pair of trabeculae, which develop on both sides of Rathke's pouch and the internal carotid arteries (Couly et al., 1993; de Beer, 1937; Goodrich, 1930; Kuratani et al., 1997; McBratney-Owen et al., 2008) . Subsequently, the trabeculae are thought to fuse at the midline to form a single median element: the trabecula communis (TC) (de Beer, 1937; Fig. 1A) .
In nonmammalian amniotes, the TC is a direct precursor for the interorbital septum posteriorly and the nasal septum (NS) anteriorly . Morphogenesis of the embryonic avian cranium has been reported for over a century by various authors and the morphogenetic pattern of the prechordal cranium has been described (Bellairs, 1958; de Beer, 1937; Parker, 1890; Suschkin, 1899; Vorster, 1989) . Despite ample histological observations, there remain controversies as to the developmental origins and initial development of the TC, even in the chicken embryo, as discussed in Vorster (1989) .
Of the remaining questions, the most fundamental concerns the precursors for the prechordal cranium. Several authors have proposed that this element, especially the TC, is composed of two distinct cartilaginous primordia: the lateroposterior and the medioanterior. The former corresponds to the direct derivative of the paired trabeculae, whereas the latter, called the 'intertrabecular cartilage', was thought to be formed between and rostral to the paired trabeculae, forming the midline septum (Fig. 1B) .
The existence of a cellular aggregate for the intertrabecula was suggested, for example, in a kestrel embryo (Suschkin, 1899; reviewed by de Beer, 1937) . Bellairs (1958) reported that the intertrabecular mesenchyme intervenes with the paired trabecular rods and later fuses with the latter to form a median cartilage. However, the presence of the intertrabecular mesenchyme has been refuted by some other authors, including de Beer (1937) . He questioned whether it really forms as a distinct element independent from the trabecula. Vorster (1989) concluded that at least the 'cartilaginous intertrabecula' is not found in the early prechordal cranium and that it merely represents a region of fewer intercellular matrices at later stages. These different opinions might be attributed in part to incomplete observations of early chondrocrania and to the technical limitation of observations based on light microscopy. In addition, less consideration has been given to the cellular origin of the trabecular and intertrabecular cartilage and few reports have described the origin of the prechordal cranium from the point of view of regionalization.
The purpose of this study was to reexamine the origin of the prechordal central stem in the chicken embryo. To do this, we observed the initial process of its formation using molecular markers. We analyzed the fate of the neural crest cells, focusing on associations between regionalized parts of the prechordal ectomesenchyme and their fates to form specific components of the prechordal cranium. We found that two groups of neural crest cells-the preoptic and postoptic neural crest cells-contribute to forming the intertrabecular and paired trabecular parts of the prechordal cranium, respectively. Although the central stem of the prechordal cranium in the chicken has been considered as one continuous element in many previous reports, our results suggest that the prechordal cranium is composed of two distinct modules: the trabecular and intertrabecular cartilages. These are specified not at the premigratory stage along the anteroposterior (AP) axis of the crest origin, but at the postmigratory stage of neural crest cells, which populate locations corresponding to specific anatomical patterns of the prechordal cranial primordia.
Materials and methods

Embryos
White Leghorn chicken eggs were incubated at 38°C and embryos were staged according to Hamburger and Hamilton (1951;  defined as HH stages below). Quail embryos were staged similarly, mainly based on the numbers of somites and embryonic head morphology.
Orthotopic transplantation of neural crest cells
Orthotopic transplantation of neural crest cells was performed as follows. Chicken embryos at the 8-9 somite stage were used as hosts and quail embryos of equivalent developmental stages served as donors. A small rectangular region consisting of the ectoderm and underlying neural crest cells of the dorsal neural tube was removed from the chicken host and a fragment excised from the same region of a quail embryo was implanted into the gap of the host with correct orientation (see Figs. 6A and 7A) . After this transplantation, the embryos were reincubated up to HH stages 28-30 to be prepared for immunohistochemical analysis as described below.
Fluorescent dye labeling
Fluorescent dye labeling of cranial neural crest cells was performed on chicken embryos at 8-10 somite stages. DiI (Invitrogen) was dissolved in 100% ethanol at 2 mg/ml and then diluted 1/10 with 0.3% sucrose solution. To observe the migratory direction of the crest cells near the diencephalon-mesencephalon boundary, the DiI solution was injected focally onto a subset of neural crest cells near the boundary, based on the result of human natural killer-1 (HNK-1) immunostaining (see below; Fig. 4 ). The embryos were allowed to develop, fixed after 24 h and observed for the distribution of the labeled cells. For analyzing the fate of neural crest cells in the prechordal cranium, we labeled the subsets of either migratory preoptic or postoptic crest cells and left the embryos to develop up to HH stages 27-28, when they were fixed for immunohistochemistry.
Immunohistochemistry
Chicken embryos were placed in Bouin's fixative overnight, dehydrated in a graded methanol series and stored in 100% methanol at − 20°C. To observe the distribution of the neural crest cells, embryos were processed according to Tokita (2006) , with minor modifications. The anti-HNK-1 antibody (Leu-7; Becton Dickinson Co. Ltd.) was used as the primary antibody. This was detected with horseradish peroxidase (HRP)-labeled anti-mouse IgM antibody (Zymed Laboratories Inc.). For detecting quail cells, the chimeric embryos were fixed and processed as above except that the buffer contained 0.5% Triton X-100. Grafted quail cells were labeled with a mouse anti-quail cell-specific (QCPN) monoclonal antibody (Developmental Studies Hybridoma Bank) and the antibody was detected with HRP-labeled anti-mouse IgG (Zymed Laboratories Inc.).
Immunohistochemistry of frozen sections was performed as reported (Wada et al., 2003) . Sections were stained with either rat anti-type II collagen (Collagen Research Center, Japan) or anti-QCPN antibodies, followed by incubation with Alexa-conjugated anti-rat or anti-mouse antibodies (Molecular Probes), respectively. In some experiments, sections were stained with both anti-type II collagen and anti-QCPN antibodies. 
Whole mount in situ hybridization (WISH)
Embryos were fixed in 4% paraformaldehyde for 48-72 h and dehydrated in a graded ethanol series to be processed for WISH as described (Wada et al., 1999) .
Results
Early stage of prechordal cranial morphogenesis
The early development of the prechordal cranium was examined by observing the expression patterns of several cartilage markers. In alcian blue-stained embryos (Fig. 2) , procartilaginous condensation was detected first at HH stage 29, representing a pair of trabecular cartilages (Figs. 2A and A') with their anterior halves united in the midline as a lightly stained plate: the TC. In later development, the TC elongated both anteriorly and posteriorly and grew vertically to form a midline septum (Figs. 2B and B' and C and C') . Two anatomical domains were discernible in the TC: the posterior part called the interorbital cartilage (IOC) and the anterior NS comprising the medial cartilage of the ethmoidal region (Figs. 2D and D') .
For analyzing the earlier stages of prechordal cranial morphogenesis in greater detail, we investigated the expression of several molecular markers of chondrogenesis. Transcripts of Aggrecan, a gene marker for early chondrocytes (Wada et al., 1999) , first became visible at HH stage 21 in the roof of the oral cavity as a pair of small dots appearing along the inner side of the maxillary prominence (Figs. 3A and B) . By HH stage 24, the expression domains elongated rostrally to become a pair of cartilaginous rods: the trabeculae (Figs. 3C and C'). At this stage, a thin and weak but overt expression domain arose between the rods (Fig. 3D) , indicating that the formation of precartilaginous condensation at the midline starts by this stage. At HH stage 27, the position of the paired rods became closer to the midline, while the anterior ends of the rods were still separated (Fig. 3E ). Weak expression of Aggrecan was observed in the space between the trabecular rods (Fig. 3E) . By HH stage 29, the expression became intense and the anterior ends of the rods fused here to form the TC (Fig. 3F) .
Although the presence of a median cartilaginous component was not clearly seen by Aggrecan expression, distribution of immunostaining for the type II collagen protein (Col II), also an early marker for cartilage, was suggestive of involvement of the intertrabecula (Figs. 3G-J) . Accumulation of Col II was observed weakly at late HH stage 25 (Fig. 3G , double arrowheads) but became conspicuous rapidly. By HH stage 27, a pair of Col II-positive aggregates representing the paired cartilaginous trabeculae was observed rostral to Rathke's pouch (Fig. 3H) . Simultaneously, a weak signal of Col II was again observed anterior to the trabecular rods (Fig. 3H, arrow) .
At HH stage 28, a cartilaginous mass was apparent at the midline between the rostral tips of the two trabecular aggregates (Fig. 3I) . From this point onward, it grew both anteriorly and posteriorly, with its posterior end fusing with the inner aspects of the trabecular aggregates to form the TC (Figs. 3I and J). However, immunostaining for Col II was weak where the aggregates fused, suggesting discontinuities between originally distinct ectomesenchymal masses (Figs. 3J and J'). We did not detect any evidence for the progressive medial expansion of the trabeculae per se, suggesting that the TC is formed by the fusion of three distinct cartilaginous primordia: the paired trabecular rods and the intertrabecular cell mass.
Migration and distribution of the cranial neural crest cells in the prechordal cranium-forming region Next, we investigated the neural crest origin of the prechordal cranium. This has been suggested as being derived from cephalic crest cells populating a region called the premandibular region lying anterior to the mandibular arch (Couly et al., 1993; Kuratani, 2005; Kuratani et al., 2004; Le Lièvre, 1978; Noden, 1975 Noden, , 1978 Shigetani et al., 2000) . Descendants of neural crest cells emerging from the posterior diencephalon and anterior mesencephalon contribute to the formation of the prechordal cranium, largely corresponding to a region innervated by the ophthalmic nerve (V1) and nasopalatine ramus of the maxillary nerve (V2). These particular crest cells migrate to surround the eye and are widely distributed in the premandibular region (Couly et al., 1993; Johnston, 1966; Kuratani, 2005; Le Lièvre, 1978; Noden, 1975 Noden, , 1978 Shigetani et al., 2000) . They apparently migrate along two pathways: the preoptic pathway passing rostral to the optic vesicle and the postoptic route passing caudal to the optic vesicle. There has been no clear information on how the fates of cells in each pathway might correspond to the individual parts of the prechordal cranium described above.
Our analyses of the expression patterns of Aggrecan and Col II suggest that cells in the oral roof form the prechordal cranium (Fig. 3) . Because the midline skeleton in the chicken embryo is formed from cephalic neural crest cells that migrate to the premandibular region (Kuratani et al., 2004; Le Lièvre, 1978; Lee et al., 2004; Noden, 1975 Noden, , 1978 , we first investigated the migration of the neural crest cell streams that are destined to form the premandibular ectomesenchyme (Fig. 4 ). Using immunostaining with HNK-1, neural crest cells were first detected emigrating from the rostral neural tube at the 7-somite stage (HH stage 9; Figs. 4A-A"). The cells were distributed sparsely, not only on the mesencephalon, but also on the posterior diencephalon, and were identified as trigeminal crest cells. At the 9-somite stage (early HH stage 10), a sheet of cells from the mesencephalic neural crest began to expand laterally, while cells at the diencephalic level appeared to be at premigratory state (Figs. 4B-B" ). From the 10-somite stage onwards (HH stage 10), two streams of the crest cells migrating on both sides of the optic vesicle became obvious; namely, the postoptic and preoptic crest cells (Figs. 4C-C", D-D"). The postoptic crest cells populated a region posterior to the optic vesicle and extended anterior to the stomodeum, serving as a rostral continuation of the mandibular arch crest cells. By contrast, the preoptic crest cells migrated as a sheet of cells to the anterior end of the head and extended to the ventral region of the optic vesicle (Figs. 4D-F) .
The midline neurocranium is derived from the trigeminal crest cells that emerge near the diencephalon-mesencephalon boundary (Noden, 1975 (Noden, , 1978 . To explore the migratory direction of crest cells near this boundary, we labeled a subset of the cells in this region of embryos at the 8-9-somite stage using DiI and followed their distribution (Fig. 5) . Cells emigrating from the posterior diencephalon were distributed exclusively anterior to the optic vesicle as preoptic crest cells (Figs. 5A-C) . By contrast, cells from the anterior mesencephalon were localized both anterior and posterior to the optic vesicle (Figs. 5D-F), implying that these cells might not be specified exclusively at the premigratory state to form either pre-or postoptic crest cells. Cells emerging from a more posterior level of the mesencephalon always populated regions posterior to the eye as postoptic crest cells (Figs. 5G-J) . These results are consistent in part with the results obtained by neural crest transplantation (Noden, 1975 (Noden, , 1978 , showing that the direction of crest cell migration is not strictly specified along the AP axis of the premigratory neural crest.
Next, we analyzed the fate of these neural crest cells of each stream in the prechordal cranium. One obvious and plausible scenario would be that the positionally specified pre-and postoptic crest cells would always be associated with distinct cartilaginous components of the prechordal cranium observed above. We performed two types of experiments for analyzing the fate of these cells: neural crest cell transplantations between chicken and quail embryos and focal labeling of the neural crest cell streams with DiI.
Postoptic crest cells
First, we analyzed the fate of postoptic crest cells by tissue transplantation. Based on the result shown in Figs. 4 and 5, crest cells emerging on the middle mesencephalon in the chicken embryo at the 8-9-somite stage were replaced orthotopically by equivalent cells in the quail embryo (Fig. 6A) . We replaced a fragment of ectoderm, known to contain a subset of mesencephalic crest cells together, with a piece of surface ectoderm lacking mesodermal cells (Baker et al., 1997) . The embryos were allowed to develop until HH stage 29 and the distribution of quail cells was detected using the quail-specific anti-QCPN antibody.
Using whole mount immunohistochemistry, the grafted quail cells were widely observed in both the maxillary and mandibular processes, but not in the lateral or medial nasal processes on the transplanted side (Figs. 6B and B'; n = 3). We found that the grafted cells were distributed not only in the maxillary process but also more medially in the oral roof (Figs. 6C and C', arrowheads) . However, the cells never reached the midline of the roof (Fig. 6C) , implying that the postoptic crest cells do not occupy this medial region.
A similar distribution of the postoptic neural crest cells was also observed by immunohistochemistry on histological sections, which showed quail cells in lateral regions of the oral roof ( Figs. 6D-F ; n = 5). Most of these cells were distributed lateral and anterior to Rathke's pouch, with a subset already differentiated into a cartilage representing the posterior part of the trabecula (Figs. 6E and F; indicated by 'Tr'). By contrast, only a few quail cells were observed in all specimens in the anteromedial region of the roof (Figs. 6D-F,  asterisks) . In this region, most of the quail cells were distributed as single cells or small clusters and no large clumps were seen. Such a restricted distribution of postoptic neural crest cells was also observed when the cells were labeled with DiI (Figs. S1A-C; n = 5). These results suggest that the postoptic stream contributes exclusively to trabecular formation.
Preoptic crest cells
For grafting of the preoptic crest cells, a subset of cells extending dorsal to the posterior diencephalon at the 8-9-somite stage was replaced between the chick host and quail donor (Fig. 7A) , presumably labeling most of the ectomesenchyme derived from the crest cells that migrate along the preoptic pathway in later development. In the chicken embryos that received quail-derived preoptic crest cells, both the medial nasal prominence (MNP) and the lateral nasal prominence (LNP) contained labeled cells (Figs. 7B and B'; n = 3). Quail cells were also observed in the medial region of the oral roof in a wedge-shaped fashion (Figs. 7C and C', arrowheads) . By contrast, the grafted cells were never found in the posterolateral region of the roof, or in the maxillary process. The quail-positive area was thus complementary to the region where the postoptic neural crest cells were distributed (Figs. 7C and C', compare with Figs. 6C and C').
In histological sections, quail cells were found in the anteromedial region of the oral roof (Figs. 7D-F; n = 5). They were distributed in a wedge shape and differentiated to form midline cartilage. By contrast, no quail cells were found in a more posterior region of the roof, which was occupied by postoptic crest cells, as noted above (Fig. 7D , compare with Fig. 6D) . Thus, the quail cells were found preferentially in the precursors of the midline cartilage, not in the trabeculae (Fig. 7E) . A similar distribution pattern of preoptic neural crest cells was also observed by DiI labeling (Figs. S1D-F; n = 5). These results suggest that the preoptic stream of neural crest cells can also participate in prechordal cranial formation as the source of its anteromedial part.
In summary, these results suggest that the prechordal cranium in the chicken embryo is composed of two types of cartilaginous components: the paired trabeculae and a single median intertrabecula. These procartilaginous elements are derived from premandibular neural crest cells that populate the laterocaudal part of the premandibular primary palate and from neural crest cells that populate the anterior (prehypophysial) part of the palate, respectively (Figs. 8A and B) .
Discussion
The amniote chondrocranium generally consists of the central stem and various paired structures, including nasal, optic (if present) and otic capsules. It also comprises a number of cartilaginous pillars and commissures arising between fenestrae and foramina, through which cranial nerves leave the cranial cavity. Of these, pre-and postoptic roots are found in some amniote taxa in the rostral part of the neurocranium, connecting the cartilaginous plate, called the ala orbitalis, to the central stem. More caudally, the reptilian pila antotica and mammalian dorsum sellae are found rostral to the outlet of the trigeminal nerve root as derivatives of the postorbital cartilage (Kuratani, 1989) . In the intermediate region, there is another pair of pillar cartilages, referred to as the ala temporalis, which have been regarded since Gaupp (1902) as a part of the mandibular arch skeleton secondarily incorporated into the formation of the functional neurocranium (reviewed by Goodrich, 1930; Presley and Steel, 1976; Starck, 1979) . Otherwise, various types of irregular vestigial cartilaginous nodules have been reported to arise in many mammalian species, in associated with embryonic meningeal membranes. Most of them are thought to represent remnants of the primary neurocranial wall ("primäre Schädelseitenwand"; Gaupp, 1902; Voit, 1909; Matthes, 1921; Kuratani, 1989) , mostly degenerated through evolution. All these neurocranial elements arise from cephalic mesenchyme and are derived from either the cephalic neural crest or the mesoderm.
The developmental significance of the vertebrate primordial cranium is that the rostral part of the neurocranium is derived not from the mesoderm but from the cephalic neural crest-derived ectomesenchyme, at a level rostral to the anterior tip of the notochord found just caudal to the hypophysis (Couly et al., 1993 ; see also McBratney-Owen et al., 2008) . The developmental origins of these cartilaginous elements have also been identified in the mouse (McBratney-Owen et al., 2008) showing that this crest/mesoderm boundary might not correspond precisely to the rostral tip of the notochord. For example, the ala hypochiasmatica in the mouse chondrocranium, or a possible homologue of the supratrabecular cartilage in the turtle (see Kuratani, 1989) , is presumably derived from the premandibular mesoderm that arises from the prechordal plate (see Wedin, 1949 and references therein; McBratney-Owen et al., 2008) . It will be intriguing to clarify which of these anatomical elements in the chondrocranium develops from which parts of the head mesenchyme and how tissue interactions and specification programs result in a morphologically and functionally coordinated pattern of the amniote cranium. Thus, more extensive genetic and embryological studies will be required in the future.
The distinctive difference between the rostral and caudal halves of the gnathostome neurocranium was well recognized by classical comparative embryologists, as has been the boundary between the segmented (occipital) and nonsegmented parts of the neurocranium (Huxley, 1858; Stöhr, 1882 cited in Goodrich, 1930 de Beer, 1937) . At least, the early topographical pattern of the prechordal cranium is consistent with the requirement of the paraxial mesoderm for signals emanating from the notochord to differentiate into cartilage (parachordals). Thus, with the possible exception of the ala hypochiasmatica in mammals (see above), Fig. 2 . Rp, Rathke's pouch. (B) (a) A model of facial regionalization in the chicken embryo in terms of the developmental origin of the prechordal chondrocranium. The red line outlines the oral roof (OR). LNP, lateral nasal prominence; MNP, medial nasal prominence; Rp, Rathke's pouch. The trabecular cartilages are formed from the lateroposterior half of the oral roof, where it is occupied by postoptic neural crest cells (blue). In contrast, the intertrabecular cartilage is formed from the anteromedial region of the oral roof together with cells in the MNP (light blue). The cartilage originates from preoptic neural crest cells. Cells in the LNP are also derivatives of preoptic neural crest cells, but they form cartilages of the nasal capsules (green). (b) Summary of cellular origin of the prechordal chondrocranium in the chicken embryo. Postoptic neural crest cells form a pair of trabecular cartilages and occupy the posterior part of the prechordal cranium at a later stage (blue). Preoptic neural crest cells form the anteromedial cartilages, such as the interorbital cartilage and nasal septum (light blue). The nasal capsule and its related cartilages are also formed by preoptic neural crest cells (green). (C) Models of the dual origin of the prechordal cranium in embryos of the zebrafish (a), and chick (b). In the zebrafish (a), the trabeculae and lateral part of the ethmoid plate are derived from postoptic neural crest cells, whereas the medial part of the ethmoid plate is formed from preoptic neural crest cells as based on the result shown in Wada et al. (2005) . In the chick (b), the lateroposterior part of the prechordal cranium is derived from postoptic neural crest cells, whereas the medioanterior part is of preoptic neural crest origin. In both panels, cartilaginous elements colored green show the nasal capsules that are formed from cells in the LNP.
the true rostral end of the mesodermal neurocranium is to be found as the dorsum sellae in the mammalian chondrocranium, or the crista sellaris and pila antotica in sauropsids (Couly et al., 1993; de Beer, 1937; Kuratani, 1989) . The latter cartilages are regarded either as the rostral end of the earlier parachordal cartilage or as the postorbital cartilage that develops in association with the rostralmost part of the parachordals. These precursors can be regarded as the rostral components of the mesodermal neurocranial elements.
The present study focused on elucidating the embryonic origins and composition of the central stem of the prechordal cranium in the chicken embryo by observing the developmental patterns and processes of the rostral ectomesenchyme and by investigating the fate of the neural crest cells that migrate over the face. In the classical textbooks, another cartilage element, called the polar cartilage, has been found to connect the trabecula and the postorbital-and/or parachordal cartilages (de Beer, 1937) . However, in the present study, we could not detect any independent cartilaginous nodules suggesting the presence of a polar cartilage. The developmental nature of that morphologically defined cartilage will also need to be clarified by further studies.
For the prechordal central stem-namely, the trabecula and its apparent derivatives-we found that it is derived from two streams of neural crest cells: preoptic and postoptic. The preoptic stream forms the medioanterior part of the cranium, or the intertrabecular cartilage, while the postoptic neural crest cells form the lateroposterior part of the cranium corresponding to the paired trabecular derivatives. Each of these cell groups is specified topographically only at the postmigratory state; however, this does not mean that these cell populations are precommitted autonomously to form morphologically distinct components. Although the prechordal cranium has often been considered as an undivided cranial part, with no clear compartmental boundaries, our results suggest that it is composed of at least two embryonic components representing spatially and developmentally distinct elements.
The prechordal cranium is composed of two distinct domains
Morphogenesis of the prechordal central stem in various vertebrates was described and summarized by de Beer (1937) . In many reports, the prechordal central stem tended to be considered as a continuous element; namely, cells in the trabeculae were supposed to grow medially from both sides and to mingle at the midline to form the TC. However, our results in the present study do not support this model: thus, the postoptic crest cells-the precursors of the trabeculae-are distributed in the lateral part of the oral roof and most of them do not spread medially and anteriorly (Figs. 6 and S1 ). In addition, we did not observe any progressive medial growth of the cells of the trabeculae. It is thus unlikely that only the trabeculae-or the crest cells forming the trabeculae-are the sole precursors of the prechordal cranium. Because several cells derived from the postoptic crest were found in the anteromedial region (Fig. 6D) , we cannot exclude the possibility that a slight mixing of cells might have occurred during prechordal cranium formation. Nevertheless, most of the postoptic crest cells remain in the lateral region of the oral roof, suggesting that the medial part of the prechordal cranium is formed mainly from cells that did not form the trabeculae, which originate from the postoptic crest cells (Figs. 6 and  S1 ). This, in turn, implies the involvement of preoptic crest cells in the formation of the midline.
Morphogenesis of the prechordal cranium has been described in avian embryos (Bellairs, 1958; de Beer, 1937; Vorster, 1989) , but interpretation of the formation of the intertrabecular cartilage is still controversial (see Introduction). Our present results support the idea that the cartilage of this region is not a derivative of the trabeculae-or of the same cells that form the trabeculae-but is formed from a different cell group. In addition, the results indicate that several developmental events, such as the migratory pathways of neural crest cells, distribution of the cells and skeletal morphogenesis, are interconnected during prechordal cranial formation. Therefore, we propose that the fundamental structure of the prechordal cranium is composed originally from two elements: one is the pair of trabeculae formed by postoptic crest cells and the other is the intertrabecular cartilage derived from preoptic crest cells (Fig. 8B) . Such a dual origin of the prechordal cranium was also observed in zebrafish embryos (Wada et al., 2005) and this model is apparently common to all the gnathostomes that possess a morphologically comparable prechordal cranium (Fig. 8C) . Slight modifications are apparent in each animal lineage. For example, in the chicken embryo the trabecular derivatives are restricted to the lateroposterior part of the prechordal cranium, whereas in the zebrafish embryo, the equivalent cartilages occupy almost the entire lateral part of the prechordal cranium along the AP axis ( Fig. 8C ; Wada et al., 2005) .
It remains to be tested whether the mammalian prechordal cartilage also has a dual origin as observed in chicken and zebrafish embryos. During mouse development, the prechordal cartilage first appears as a single cartilaginous rod at the midline, called the 'trabecular plate' and no obviously paired cartilaginous rod is observed (de Beer, 1937; McBratney-Owen et al., 2008) . This suggests that the formation of the prechordal cranium in the mouse differs from that in the chicken and zebrafish. In relation to the position of the internal carotid arteries, it has also been suggested that the alicocholear commissure would represent a homologue of the trabecula in mammals (reviewed by Goodrich, 1930; de Beer, 1937) . The present study is not capable of evaluating the morphology of mammalian cranial base, and the cell-lineage-based identification of the mammalian trabecula thus belongs to future studies. In this connection, several genes are reported to be responsible for midfacial formation in both the mouse and zebrafish. In the Foxd3-mutant mouse, the frontonasal prominence is not formed and the nasal cartilage is missing (Teng et al., 2008) . Similarly, defects in PDGF-PDGFR signaling in the mouse embryo resulted in severe midfacial malformations, including the facial clefts (Soriano, 1997; Tallquist and Soriano, 2003) . The skeletal defects in these mice were not limited to the facial surface, but were also found in the neurocranial base. In zebrafish embryos, these genes also have roles in ethmoid formation, and mutations in them cause clefts of the ethmoidal plate at the midline (Eberhart et al., 2008; Stewart et al., 2006) . Thus, it is possible that the facial clefts observed in the mouse may also be caused by loss of a structure equivalent to that lost in the zebrafish: the medial region of the prechordal cartilage. Further experiments will be needed to test this scenario.
The prechordal cranium develops from neural crest cells migrating along two pathways
The anterior midline skeleton is formed by cephalic crest cells emigrating from the level of the diencephalon and mesencephalon (Couly et al., 1993; Le Lièvre, 1978; Noden, 1978) . Migratory pathways of trigeminal neural crest cells have been reported (Johnston, 1966; Noden, 1975) and the distribution of the diencephalic and mesencephalic crest cells has also been investigated (Le Lièvre, 1978; Noden, 1975 Noden, , 1978 . These reports showed that the premandibular trigeminal neural crest cell streams spread toward both the anterior and posterior aspects of the developing optic vesicle. Here they populate the region of the rostral craniofacial domain that will later develop into the prechordal cranium (Le Lièvre, 1978; Noden, 1975) , although the distribution of these cells at later stages was less fully described.
We found that a rostral subset of trigeminal crest cells migrated along two streams-preoptic and postoptic-each occupying distinct regions of the oral roof following formation of the prechordal cranium (Figs. 4-7) . This indicates that neural crest cells of both streams contribute to form the prechordal cranium, although cells in each stream form distinct parts (Figs. 8A and B) . These two streams of trigeminal crest cells migrating around the optic vesicle appear to be conserved morphological patterns of the embryonic head through fish (Eberhart et al., 2008; Wada et al., 2005) , amphibia (Epperlein et al., 2000; Hall, 1999; Olsson and Hanken, 1996) , reptiles (Kundrát, 2009) and birds (Noden, 1975; Le Lièvre, 1978; present study) . Together with the result of the present study and that of Wada et al. (2005) , the conserved pattern of migration results in a stereotyped distribution of trigeminal neural crest cells, regionalized into components associated with specific skeletal components. Thus, the pre-and postoptic migratory streams are not only imposed by the optic vesicles, they also correspond to the modular architecture of the prechordal cranium.
The fate of the premandibular crest cells of the chicken embryo has been reported in the context of trabecular formation (Cerny et al., 2004; Lee et al., 2004; Shigetani et al., 2000) . Descendants of neural crest cells that lie beneath the optic vesicle at an early stage are found in the oral roof at a later stage and some of them are in the region of condensation for the trabeculae (Cerny et al., 2004; Lee et al., 2004) . We observed that the postoptic neural crest cells migrate below the optic vesicle and form the trabeculae (Figs. 6 and S1), consistent with previous results. However, we also showed that the postoptic stream only formed the trabeculae, whereas they did not grow medially (Figs 6. and S1), indicating that these cells do not form the cartilage of the intertrabecular region.
The contribution of the preoptic neural crest cells to neurocranial base formation has been less discussed. Since Johnston (1966) , it has been known that these cells spread out over the face, fill both the MNP and LNP and form the cartilaginous elements of the nasal region. Of these, it is the LNP subset that appears to form the lateral nasal capsule, whose migratory pathway is arrested by loss of function of Pax-6 (Osumi-Yamashita et al., 1997), again showing the importance of postmigratory developmental processes for the development of premandibular neural crest cells, as well as the correspondence of anatomical and developmental modules.
We found that the preoptic neural crest cells are distributed not only in the MNP and LNP, but also in the oral roof as a caudal continuation of the MNP cell population forming a part of the prechordal cranial base. It has been reported that cells in the rostral neural ridge form the epithelium of the face and oral roof Le Douarin, 1985, 1987) , showing the contribution of cells in the neuroepithelium to oral roof formation. On the other hand, the cellular origin of the mesenchyme in the oral roof has not been reported in detail. Our fate-mapping results suggested that a subset of preoptic neural crest cells migrates to the oral roof and forms the neurocranial base cartilage together with postoptic neural crest cells, although cells in different streams form distinct parts of the prechordal cranium (Fig. 8B) .
Contributions of both pre-and postoptic neural crest cells to prechordal cranial formation have also been reported in the zebrafish embryo (Wada et al., 2005) . The postoptic stream shapes the trabecula and lateral part of the ethmoidal plate in the zebrafish head, whereas the preoptic neural crest cells form the medial region of the plate originating from neural crest cells along the preoptic stream. Associations between aberrant migration of the preoptic neural crest cells and defects of the ethmoidal plate have been reported in several mutants (Eberhart et al., 2008; Langenberg et al., 2008; Tobin et al., 2008) . Therefore, it is likely that derivatives of the preoptic neural crest cells are also essential components of the anterior part of the prechordal chondrocranium in various vertebrates.
We have shown that the prechordal cranium in the chicken embryo is composed of two distinct modules defined not only anatomically, but also developmentally: the trabecular and the intertrabecular cartilages. These elements originate from trigeminal neural crest cells that migrate along two pathways: the postoptic and preoptic streams, respectively. These cells are specified depending on an embryonic morphology that imposes specific migratory pathways and distribution patterns on the cells as well as on subsequent embryonic environment. Our findings will provide a novel viewpoint of prechordal cranium formation and evolution in the head of various vertebrates.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2011.06.008.
